Crystal structures of the cytochrome bc 1 complex indicate that the catalytic domain of the Rieske iron±sulfur protein, which carries the [2Fe22S] cluster, is connected to a transmembrane anchor by a flexible linker region. This flexible linker allows the catalytic domain to move between two positions, proximal to cytochrome b and cytochrome c 1 . Addition of an alanine residue to the flexible linker region of the Rieske protein lowers the ubiquinol-cytochrome c reductase activity of the mitochondrial membranes by one half and causes the apparent K m for ubiquinol to decrease from 9.3 to 2.6 mm. Addition of two alanine residues lowers the activity by 90% and the apparent K m decreases to 1.9 mm. Deletion of an alanine residue lowers the activity by < 40% and the apparent K m decreases to 5.0 mm. Addition or deletion of an alanine residue also causes a pronounced decrease in efficacy of inhibition of ubiquinol-cytochrome c reductase activity by stigmatellin, which binds analogous to reaction intermediates of ubiquinol oxidation. These results indicate that the length of the flexible linker region is critical for interaction of ubiquinol with the bc 1 complex, consistent with electron transfer mechanisms in which ubiquinol must simultaneously interact with the iron±sulfur protein and cytochrome b.
Although the protonmotive Q cycle mechanism by which the cytochrome bc 1 complex transfers electrons from ubiquinol to cytochrome c is well documented [1] , some details of this mechanism are not fully understood. The oxidation of ubiquinol at center P is of special interest, since the two electrons from ubiquinol are transferred to two different acceptors. One is transferred to cytochrome c 1 via the Rieske iron±sulfur protein and the other is transferred to cytochrome b.
The crystal structures of the native cytochrome bc 1 complex and the bc 1 complex with stigmatellin bound show the Rieske iron±sulfur protein in two different positions [2] . In the native enzyme the iron±sulfur cluster of the Rieske protein is sufficiently close to cytochrome c 1 to allow electron transfer from the cluster to the heme of the cytochrome. In the presence of stigmatellin, the iron±sulfur cluster is closer to cytochrome b and further from cytochrome c 1 . In neither crystal form is the iron±sulfur cluster of the Rieske protein close enough to both cytochrome b and c 1 to allow rapid electron transfer. This suggests that movement of the iron±sulfur protein between cytochrome b and cytochrome c 1 may be responsible for electron transfer to the two different acceptors. Brandt and von Jagow [3] first proposed that a`catalytic switch' or conformational change is necessary for the divergent electron transfer at center P, and recent proposals for the mechanism of ubiquinol oxidation have been predicated on movement of the Rieske protein [4±6] .
The catalytic domain of the Rieske iron±sulfur protein, which carries the [2Fe22S] cluster, is connected to a transmembrane anchor by a flexible linker region that allows the catalytic domain to rotate between the`b' and`c 1 ' positions. Decreasing the flexibility of the linker region by proline substitutions [7] or formation of a novel disulfide by introduction of two cysteine residues [8] caused a significant decrease in activity of the Rh. sphaeroides bc 1 complex. In the latter instance the activity was restored to normal levels by reduction of the disulfide. These results demonstrate that flexibility of the linker region is essential for electron transfer activity, consistent with movement of the Rieske protein.
The bc 1 complex from Sacharomyces cerevisiae has recently been crystallised and the structure solved to a resolution of 2.3 A Ê [9] . This high-resolution structure allows an unprecedented opportunity to examine structure±function relationships in the mitochondrial bc 1 complex in an organism amenable to site-directed mutational analysis. In the current study we replaced a conserved aspartate in the linker region with an alanine to test the possible significance of this charged residue. We also added or deleted alanine residues in the linker region. The latter mutations would be expected to change the length of the linker region and may interfere with helix formation. We report that the charged residue appears to be nonessential, but that changes in length of the linker region markedly impair interaction of ubiquinol with the ubiquinol-oxidase site in the bc 1 complex. We discuss these effects in terms of the crystal structure of the enzyme and current proposals for the mechanism of ubiquinol oxidation.
E X P E R I M E N T A L P R O C E D U R E S

Materials
Antimycin, diisopropyl fluorophosphate and 2,3-dimethoxy-5-methyl-6n-decyl-1,4-benzoquinol were purchased from Sigma. Stigmatellin was obtained from Fluka Biochemika.
Site-directed mutagenesis
Site-directed mutagenesis was performed using the Clontech Transformer Mutagenesis Kit. The plasmid pGem3-RIP, carrying the RIP1 gene for the iron±sulfur protein, was used as the template for construction of the mutants. After mutagenesis the mutated fragments were excised with PstI and SacI and subcloned into the expression vector pFL39:RIP1, a CEN, TRP vector carrying the gene encoding iron±sulfur protein on a HindIII±SacI fragment. The plasmids were then transformed into the yeast strain JPJ1, in which the RIP1 gene is deleted [10] , to create yeast strains JN138, JN139, JN140 and JN141 containing the mutations indicated in Table 1 .
Isolation of mitochondrial membranes and Western blot analysis
For detecting iron±sulfur protein in mitochondrial membranes by Western blot analysis, yeast cells were broken with glass beads, and mitochondrial membranes were isolated as described [11] . Mitochondrial membranes were resolved by SDS/PAGE, and iron±sulfur protein and cytochrome c 1 were detected by western blotting using monoclonal antibodies [12] .
Cytochrome c reductase activity measurements
Ubiquinol-cytochrome c oxidoreductase activities of mitochondrial membranes were assayed in 50 mm potassium phosphate, pH 7.0, 250 mm sucrose, 0.2 mm EDTA, 1 mm NaN 3 , 2.5 mm KCN, 0.01% Tween-20 and 50 mm cytochrome c (assay buffer) at 23 8C. The reaction was started by adding 50 mm 2,3-dimethoxy-5-methyl-6n-decyl-1,4-benzoquinol, a ubiquinol analogue, and reduction of cytochrome c was monitored in an Aminco DW-2a TM spectrophotometer at 550 versus 539 nm in dual wavelength mode. Data were collected and analysed using an Online Instrument Systems Inc. computer interface and software. Turnover numbers of the cytochrome bc 1 complex in membranes were calculated on the basis of the concentration of cytochrome b. Membranes were isolated three times from each yeast strain and activities were measured in duplicate. Activities are expressed as a percentage of the turnover number of membranes from yeast strain JN24, carrying wild type RIP1 on a low copy expression vector.
Determination of apparent K m values
Ubiquinol-cytochrome c oxidoreductase activities of mitochondrial membranes at a concentration equivalent to 2.5 nm cytochrome bc 1 complex were assayed with varying concentrations (1±50 mm) of 2,3-dimethoxy-5-methyl-6n-decyl-1,4-benzoquinol. A double reciprocal plot of turnover number versus substrate concentration was used to determine the apparent K m values.
Inhibitor titrations
Membranes were suspended in activity buffer with the indicated amounts of inhibitor, placed in the spectrophotometer cuvette, and stirred for 2 min. The assay was started by adding 50 mm 2,3-dimethoxy-5-methyl-6n-decyl-1,4-benzoquinol and the rate of cytochrome c reduction was followed for 1 min
Molecular graphics
Figures of the structure of the cytochrome bc 1 complex from yeast [9] were prepared using the programs molscript [13] and raster3d [14] . The coordinates of the structure have been deposited in the Protein Data Bank (PDB accesion code 1EZV).
R E S U L T S A N D D I S C U S S I O N
Structure of the linker region of the Rieske iron±sulfur protein
The yeast cytochrome bc 1 complex is built as an intertwined homodimer. The compact extrinsic domain of the Rieske iron± sulfur protein, consisting of residues 93±215, which carries the [2Fe22S] cluster, forms a functional unit with the catalytic subunits cytochrome b and cytochrome c 1 of the second monomer [9] . The so-called`linker' or`tether' region of the Rieske protein (residues 81±92) connects the transmembrane anchor (residues 51±80) with the extrinsic domain (Fig. 1A) .
The positions of the N-terminal residues of the linker up to Ala86 are stabilized by hydrogen bonds and nonpolar interactions ( From comparison with structures from chicken and bovine cytochrome bc 1 complexes, where the extrinsic domain of the Rieske protein is in the c 1 position (PDB entries 1BCC and 1BE3), it was shown that the linker region curls up in a helical manner. For the bovine 1BE3 structure a 3 10 helix within the linker region was described. In the yeast structure the extrinsic domain of the Rieske protein is present in the b orientation, most likely representing the most extended conformation of the linker region. Whereas a stretched out linker was described for the stigmatellin containing structure of the chicken complex (PDB entry 3 BCC), in yeast a single 3 10 helical turn is present, which is stabilized by hydrogen bond interactions. It is assumed that the sequence of the chicken linker region is identical with that from bovine heart [2] , that is, it is highly similar to the yeast linker peptide (Fig. 2) . The difference in the two stigmatellin containing structures may be explained either by species-specific conformations or that the lower resolution of the chicken structure did not allow the identification of the helical fold. Since the N-terminal part of the linker region tightly interacts with neighbouring loops of cytochrome b and cytochrome c 1 of both subunits, we propose that this fold remains unchanged when the extrinsic domain moves towards the c 1 orientation. However, the helical turn may act as a matrix to initiate or direct helix formation of the elongated part of the linker during this movement. The distance to the neighbouring loops of cytochrome b of both monomers and cytochrome c 1 gives sufficient space for helix formation. Interestingly, bulky side chains (Leu89, Met91, Lys93) point towards one side of the linker, smaller side chains to the opposite side (Val88, Ala92, Val94). Based on sequence alignments (Fig. 2) , this distribution of side chains appears to be conserved in the linker regions of the Rieske proteins from mitochondria and bacteria and may assist helix formation. Introduction or deletion of amino acids may interrupt this pattern and thereby effect helix formation. Asp87 is the only charged residue in the linker region of the yeast`Rieske' protein. Furthermore, it is only conservatively exchanged in higher organisms. A positively charged residue, Arg113 of cytochrome c 1 , is located nearby. However, the side chain of Asp87 is bent in the opposite direction. No hydrogen bond or ionic interaction is present between the two side chains in the yeast structure with the`Rieske' protein in the b position. As discussed below, Asp87 was replaced with alanine to evaluate the importance of the charged residue.
Effect of mutations in the linker region on ubiquinolcytochrome c reductase activity
The sequence of the linker region in the yeast Rieske protein is shown in Fig. 2 , and the changes in amino acids that we introduced by site-directed mutagenesis are shown in Table 1 . Changing the conserved aspartate to alanine had no significant effect on either the turnover number of the bc 1 complex (Fig. 3) or the apparent K m for ubiquinol oxidation (Table 1) . With membranes from the yeast with the D87A mutation in the Rieske protein both of these values were within 5% of the values for the wild-type enzyme. The replacement of Asp87 by alanine is unlikely to affect the backbone positions of the linker Hydrogen bond interactions with appropriate geometry and distances [16] were analysed using the program O [17] and are indicated with dashed lines.
region. Thus, it has to be concluded that the charged side chain of this residue is not required for a functional enzyme and it is presumably not involved in conformational changes of the linker region when the catalytic domain changes its position.
Addition of a single alanine between Val88 and Leu89 causes the turnover number of the enzyme to drop from 83 to 38 s 21 , a decrease of < 50% (Fig. 3) . Addition of a second adjacent alanine causes an even more pronounced decrease in activity to 5.9 s 21 . These changes impacted on the respiratory activity of the yeast mutants in a predictable manner. Whereas the yeast mutant with a single alanine insertion was able to grow on nonfermentable carbon sources, although with an increased doubling time of 4.8 h compared to 2.7 h for the wild-type strain, the mutant with two alanine insertions was respiratory deficient ( pet ± ). These results are consistent with earlier findings that indicated a threshold of 10±30% of normal bc 1 activity is required for growth on nonfermentable carbon sources [12] . Darrouzet and coworkers [15] found similar changes in single turnover activities of the Rh. capsulatus bc 1 complex when one or two alanine residues were inserted.
Deletion of Ala90 had an effect similar to that of the alanine insertion. The activity of the bc 1 complex with the 21 Ala mutation in the linker decreased to 47 s
21
. This yeast mutant was also able to grow on nonfermentable carbon sources, but with a doubling time of 4.1 h.
These changes in activity were not due to loss of the Rieske protein. Western blots of the membranes, under conditions where the signal intensity of the Rieske protein is proportional to protein load, demonstrated that the amount of protein is the same in the membranes from the mutants and the wild-type strain (Fig. 3) .
Examination of the initial rate versus concentration of ubiquinol indicates that insertion of one or two alanines lowered the apparent K m from 9.3 to 2.6 or 1.9 mm, respectively ( Table 1) . Deletion of a single alanine likewise lowered the apparent K m , but less so, to 5.0 mm.
Effect of mutations in the linker region on inhibition of ubiquinol-cytochrome c reductase activity by stigmatellin One possible explanation for the effects of changes in length of the linker is that these mutations alter the distance between the Rieske protein and cytochrome b such that the cleft between these two subunits, which is the ubiquinol oxidase site, does not properly accommodate ubiquinol. The crystal structures [2, 9] Addition or deletion of a single alanine in the linker region lowers the efficacy of stigmatellin inhibition (Fig. 4A) . The concentration required for half-maximal inhibition increases by approximately 50% when the length of the linker is changed by a single alanine residue, and 20±40% of the activity remains at one equivalent of inhibitor.
As a control for the effects seen with stigmatellin inhibition, we also examined the inhibition of the enzyme by antimycin; there is little, if any effect on the efficacy of inhibition by antimycin (Fig. 4B) . Although there appears to be a slight hysteresis in the titration curve with the mutant in which one alanine is deleted from the linker, this effect is too small to be considered significant.
In work that appeared as we were completing these studies, Darrouzet and coworkers [15] found changes in presteady rates comparable to the changes we observed in the catalytic rates when they introduced similar mutations into the presumably homologous regions of the photosynthetic bacterial protein.
They equated the decreased rates with decreased mobility of the Rieske protein, although they did not directly measure any motional parameter.
We interpret our results in terms of changes in the structure of the ubiquinol oxidation site. It is not obvious why addition or deletion of an alanine would decrease the rate of iron±sulfur protein movement within the center P domain. On the contrary, it seems intuitive that adding or subtracting an alanine from the flexible linker region could change the distance and/or the orientation of His181 of the Rieske protein relative to the heme b L of cytochrome b. This would account for the decreased apparent K m values (Table 1) , which presumably reflect a decreased on rate for ubiquinol binding, and the decreased turnover numbers (Fig. 3) of the mutated enzymes. Also, a decrease in iron±sulfur protein mobility would be expected to increase the efficacy of an inhibitor such as stigmatellin, which binds selectively when the protein is in one location, because the occupancy time in the inhibitor-sensitive conformation relative to the on rate for inhibitor binding would increase. However, we observe the opposite effect, in that stigmatellin is less effective in both the 11 Ala and 21 Ala mutants (Fig. 4) .
A change in distance and or orientation between His181 of the Rieske protein and Glu272 of cytochrome b would also account for the residual catalytic rate in the presence of high concentrations of stigmatellin. This residual rate can not be accounted for by a mixed population of inhibitor sensitive and insensitive enzymes, since the yeast are grown under conditions that select for exclusive expression of the mutant gene. The crystal structure of the yeast enzyme shows stigmatellin bridged by hydrogen bonds between His181 of the Rieske protein and Glu272 of cytochrome b [9] . If the structure of the protein is changed such that the inhibitor does not exactly span this distance, one would expect that even high concentrations of inhibitor would not fully block ubiquinol oxidation, which is what we observed (Fig. 4) . 
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